Objective. Tauroursodeoxycholic acid (TUDCA) has been considered an important regulator of energy metabolism in obesity. However, the mechanism underlying how TUDCA is involved in insulin resistance is not fully understood. We tested the effects of TUDCA on autophagic dysfunction in obese mice. Material and Methods. 500 mg/kg of TUDCA was injected into obese mice, and metabolic parameters, autophagy markers, and insulin signaling molecular were assessed by Western blotting and real-time PCR. Results. The TUDCA injections in the obese mice resulted in a reduced body weight gain, lower blood glucose, and improved insulin sensitivity compared with obese mice that were injected with vehicle. Meanwhile, TUDCA treatment not only reversed autophagic dysfunction and endoplasmic reticulum stress, but also improved the impaired insulin signaling in the liver of obese mice. Additionally, the same results obtained with TUDCA were evident in obese mice treated with the adenoviral Atg7. Conclusions. We found that TUDCA reversed abnormal autophagy, reduced ER stress, and restored insulin sensitivity in the liver of obese mice and that glycolipid metabolism disorder was also improved via the restoration of defective hepatic autophagy.
Introduction
Obesity is a causative factor in the development of several pathologies including diabetes and other metabolic diseases, cardiovascular diseases, and cancer [1] . The liver is a major organ regulating glucose and lipid metabolism, and hence it plays a key role in the development of obesity. Nonalcoholic fatty liver disease (NAFLD) is the liver condition most commonly associated with obesity, and it includes a spectrum of liver disorders ranging from steatosis without inflammation to nonalcoholic steatohepatitis, which in turn is a significant cause of more serious diseases such as liver cirrhosis and hepatocellular carcinoma [2, 3] . There is a clear relationship between the degree of obesity and NAFLD prevalence, with this prevalence being greater than 80% in the presence of morbid obesity [4] . However, the exact mechanism underlying liver steatosis remains unknown.
Autophagy is a highly regulated process involved in the turnover of long-lived proteins, cytosolic components, and damaged organelles [5] . Autophagy and endoplasmic reticulum (ER) stress have recently been considered as key regulators of insulin resistance in peripheral tissues, especially in the liver. For example, the levels of autophagy indicators have been found to be markedly decreased in the liver 2 International Journal of Endocrinology of obese mice, while suppression of autophagy resulted in insulin resistance and ER stress [6] . Consistent with this, Atg7 and Atg5 knockout in hepatocytes resulted in the accumulation of lipid droplets and the activation of ER stress, accompanied by decreased insulin signaling and impaired glucose tolerance, further supporting the associations among abnormal autophagy, activation of ER stress, and insulin resistance in the liver [6] . Several authors have also speculated that autophagy can be beneficial for cells by disposing of damaged cell structures caused by ER stress, whereas that defective autophagy may lead to the failure of restoration of cellular homeostasis, including organelle function [7] [8] [9] , thus exacerbating insulin resistance and possibly other metabolic pathologies associated with obesity.
Tauroursodeoxycholic acid (TUDCA) is one of the chemical chaperones that constitute a group of low-molecularweight compounds known to modulate ER function, stabilize protein conformation, improve the folding capacity of the ER, and facilitate the trafficking of mutant proteins [10] . A recent study found that TUDCA could alleviate the increased ER stress seen in obesity and reverse insulin resistance and type 2 diabetes in experimental models [11, 12] , suggesting TUDCA as a promising new regulator for mediating autophagy, ER stress, and insulin resistance via certain signaling pathways in the liver of obese mice. However, the intracellular events responsible for TUDCA-mediated effects in autophagy, ER stress, and insulin resistance remain elusive.
The present study provides evidence that TUDCA can reverse abnormal autophagy, reduce ER stress, and restore insulin sensitivity in the liver of the mice fed the high-fat diet. These results support the hypothesis that TUDCA improves the defective hepatic autophagy, activation of ER stress, and impaired insulin signaling induced by obesity, thereby offering novel opportunities for the treatment of obesity.
Methods

Materials.
All chemicals used were of analytical grade and were purchased from Sigma (St. Louis, MO) unless otherwise stated. The following antibodies were used: anti-Atg7, anti-LC3, anti-p-PERK, anti-PERK, anti-p-IR, and anti-IR (Cell Signaling Technology Inc., Danvers, MA); anti-G6Pase, anti-Pck1, anti-p62, anti-p-Akt, anti-Akt, anti-p-eIF2 , anti-eIF2 , anti-GAPDH, and peroxidase goat antirabbit IgG and peroxidase goat anti-mouse IgG from Santa Cruz Biotechnology (Santa Cruz Biotechnology Inc., CA).
Animals Care.
This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of Medical School of Xi'an Jiaotong University (Permit number: 2014-009). All surgery was performed under sodium pentobarbital anesthesia (40 mg/kg), and all efforts were made to minimize suffering. C57BL/6J mice (4-week-old) were housed under standard conditions with a 12 h light/dark cycle (darkness from 7:30 p.m. to 7:30 a.m.). Mice were distributed into four groups ( = 15 per group): (1) vehicle (normal chow diet, 4% of energy as fat, 3.85 kcal/g, plus 10 L/g of 0.9% NaCl i.p. injection); (2) TUDCA (normal chow plus 500 mg/kg of TUDCA i.p. injection); (3) high-fat + vehicle (diet containing 60% of energy as fat, 5.24 kcal/g, plus 10 L/g of 0.9% NaCl i.p. injection); (4) high-fat + TUDCA (high-fat diet plus 500 mg/kg of TUDCA i.p. injection). Daily injections of TUDCA or normal saline solution (vehicle) were initiated after mice were fed a high-fat diet for 8 weeks. Mice were injected once a day (6 p.m.) intraperitoneally (i.p.) with 500 mg/kg of TUDCA or with vehicle for a further 8 weeks. Additionally, adenovirus carrying Atg7 or GFP was delivered into the mice which had been fed a high-fat diet for 8 weeks via orbital venous plexus at a titer of 3 × 10 11 vp/mice for a further 10 days. At the end of the study period, half of mice in each group were randomly selected and received an intraperitoneal injection of insulin at a dosage of 2 IU/kg; 15 minutes after the injection, all mice were euthanized and the liver tissue was obtained and stored at −80 ∘ C for subsequent analysis.
Measurement of Serum Hormones and Metabolites.
Morning blood glucose and insulin levels were measured as previously described [13] .
Metabolic Tests.
Glucose tolerance testing (GTT) and insulin tolerance testing (ITT) were performed as previously described [14] .
Electron Microscopy Analysis.
Superficial gastrocnemius muscles were fixed in 4% paraformaldehyde/2% glutaraldehyde/0.1 M sodium cacodylate pH 7.3, postfixed in 1% osmium tetraoxide, and embedded in epoxy resin (Epon). Ultrathin sections (80 nm) were stained with aqueous uranyl acetate and lead citrate and examined with a JEOL 2000FX transmission electron microscope (JEOL, Peabody, MA). Sixteen electron micrographs per mouse were digitized and the area and number of clearly distinguishable mitochondria were analyzed using Osteomeasure software (OsteoMetrics, Decatur, GA). For quantification of autophagolysosome-like vacuoles, the numbers of autophagolysosomal-like vacuoles were counted in each field and normalized by the surface area.
2.6. Liver Histomorphometry. Liver samples (5 × 5 × 5 mm) were fixed in paraformaldehyde 4%/1x PBS, washed three times with 1x PBS, and equilibrated in sucrose 20%/1x PBS, before being embedded in OCT (optimal cutting temperature) compound. Samples were next sectioned at 10 m using a cryostat. The sections were air-dried, postfixed in formalin, rinsed with 60% isopropanol, stained with Oil Red O (in 60% isopropanol), and counterstained with hematoxylin. The Oil Red O positive area over total area was quantified using Quantity One software.
Gene Expression Analysis.
The real-time PCR was applied to DNAseI-treated total RNA converted into cDNA using primers (SuperArray Bioscience, Frederick, MD) and the Taq SYBR Green Supermix with ROX (Bio-rad, Hercules, CA) on a PCR system (MX3000, Agilent Technologies, Santa Clara, International Journal of Endocrinology 3 CA). -actin amplification was used as an internal reference for each sample.
Western
Blotting. Tissues and cells under various treatments were lysed in lysis buffer containing 25 mM Tris HCl (pH 6.8), 2% SDS, 6% glycerol, 1% 2-mercaptoethanol, 2 mM phenylmethylsulfonyl fluoride, 0.2% bromophenol blue, and a protease inhibitor cocktail for 20 min. Western blotting was performed by utilizing a standard protocol as previously described [14] .
2.9. Statistics. The data was expressed as mean ± SEM in each bar graph. The results were analyzed by two-way ANOVA (two variables), one-way ANOVA followed by Dunnett's post hoc test (one variable, more than two groups), or two-tailed Student's -test (two groups).
< 0.05 was considered to be significant. Statistical analyses were performed using IBM SPSS 20.0 software.
Results
Effects of TUDCA on Systemic Glucose Homeostasis and Insulin Sensitivity in Obese Mice.
Given the potential therapeutic relevance of TUDCA in vivo, we investigated its effects on glucose metabolism and insulin sensitivity in mice with obesity induced by consuming a high-fat diet. The administration of TUDCA was initiated after mice consumed a high-fat diet or a normal diet for 8 weeks. As expected, those mice consuming a high-fat diet had elevated body weight, blood glucose level, and insulin level and developed glucose intolerance and insulin insensitivity as measured by glucose tolerance testing (GTT) and insulin tolerance testing (ITT) (Figures 1(a)-1(g)). The obese mice that were subsequently injected with TUDCA displayed significantly lower body weight, blood glucose level, and serum insulin level and improved glucose tolerance and insulin sensitivity in comparison with the mice consuming the high-fat diet that were injected with vehicle (Figures 1(a)-1(g)). These findings demonstrate that TUDCA exerts positive effects on systemic glucose homeostasis and insulin sensitivity in obese mice.
Effects of TUDCA on Liver Steatosis in Obese Mice.
NAFLD is known to be strongly associated with obesity, which is due to the accumulation of lipids in the liver of mice that consume a high-fat diet, which in turn eventually results in the development of liver steatosis [15] . As shown in Figures 2(a)-2(c), the liver of obese mice injected with TUDCA was lighter than that of the mice consuming a high-fat diet that were injected with vehicle, and little lipid accumulation was found in liver sections stained with Oil Red O in the TUDCA-treated obese mice. In addition, the RNA and protein expressions of tumor necrosis factor (TNF ), interleukin-(IL-) 6, and IL-8, which are a group of inflammatory factors, were significantly increased in the liver of obese mice but were normalized after injecting TUDCA (Figures 2(d)-2(h)). This indicates that the inflammation typically associated with liver steatosis was absent in the liver of obese mice treated with TUDCA.
Effects of TUDCA on Hepatic Glucose and Lipid
Metabolism In Vivo. As a major organ regulating glucose and lipid metabolism, the liver plays a key role in the synthesis and degradation (oxidation) of fatty acids [16] .
To determine the effects of TUDCA on hepatic glucose homeostasis, we examined the hepatic glycogen content and lipid metabolism of mice. As shown in Figures 3(a)-3(d), the RNA and protein levels of glucose-6-phosphatase (G6pase) and phosphoenolpyruvate carboxykinase 1 (Pck1) were lower in obese mice receiving TUDCA than in the mice consuming the high-fat diet that were injected with vehicle, indicating that TUDCA improved hepatic gluconeogenesis in the obese mice. We therefore also evaluated -oxidation by measuring the release of 14 CO 2 after administering [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] oleic acid. The -oxidation rate and -oxidation-related genes such as peroxisome proliferator-activated receptor (Ppar ) and carnitine palmitoyltransferase 1 (Cpt1 ) were markedly downregulated in mice consuming a high-fat diet, while TUDCA treatment partially restored the expression levels of -oxidation rate and related genes (Ppar and Cpt1 ) in obese mice (Figures 3(e)-3(g)). In contrast, the expression of lipogenic genes (Fas and Scd1) was upregulated in the liver of obese mice, and those mice injected with TUDCA showed significant downregulation of lipogenic genes compared to the mice consuming the high-fat diet that were injected with vehicle (Figures 3(h) and 3(i)).
Effects of TUDCA on Hepatic Autophagic Response, ER Stress and Insulin Signaling in the Liver of Obese Mice.
To determine the role of autophagy and ER stress in the liver of obese mice, we used Western blotting to measure the protein expressions of autophagy and ER stress indicators in the liver. Autophagic indicators such as Atg7 and light chain 3 II (LC3-II) were significantly reduced in the liver of obese mice. In contrast, p62 (also called SQSTM1, which is involved in aggresome formation and degraded through autophagy) [17] was increased in the liver of obese mice compared to mice consuming the normal diet (Figures 4(a) and 4(b)). However, autophagy indicators such as Atg7 and LC3-II were increased significantly while p62 was decreased in the liver of obese mice injected with TUDCA by comparison with obese mice injected with vehicle (Figures 4(a) and 4(b) ). Electron microscopy (EM) examinations of the liver demonstrated a slight reduction in autophagosome/autolysosome formation in obese mice by comparison with mice consuming the normal diet, whereas autophagosome/autolysosome formation was elevated in obese mice injected with TUDCA compared to obese mice injected with vehicle (Figures 4(c) and 4(d) ), supporting the biochemical alterations in key autophagy molecules. Moreover, we found a significant increase in phosphorylated protein-kinase-like endoplasmic reticulum kinase (PERK) and eukaryotic initiation factor 2 (eIF2 ) in the liver of obese mice, while the liver of the mice consuming the high-fat diet that were injected with TUDCA displayed reduced ER stress, based on the downregulation of phosphorylated PERK and eIF2 proteins in comparison to obese mice injected with vehicle (Figures 4(e) and 4(f)).
We next used Western blotting to measure the protein expressions of indicators of insulin receptor signaling. The International Journal of Endocrinology liver of mice consuming the high-fat diet and injected with vehicle displayed impaired insulin signaling, as evidenced by insulin-stimulated tyrosine 1162/1163 phosphorylation of insulin receptor (IR ) subunit and serine 473 phosphorylation of Akt compared with mice that consumed the normal diet (Figures 4(g) and 4(h) ). Meanwhile, insulin signaling was restored in the liver of obese mice injected with TUDCA, based on the upregulation of phosphorylated IR and Akt by comparison with obese mice injected with vehicle (Figures 4(g) and 4(h) ). This indicates that TUDCA improved glycolipid metabolism disorder partially by recovering the abnormal autophagy and ER stress in the liver of obese mice.
Improvement of ER Stress and Insulin Signaling by the
Restoration of Atg7 in the Liver of Obese Mice. To further check whether the defects in hepatic autophagy in obesity are the cause of insulin resistance in vivo, we restored Atg7 via an adenoviral system in the liver of obese mice. After delivering the adenovirus, we found that the expression of Atg7 was significantly elevated in the liver tissue of obese mice compared to vector controls, which resulted in increased autophagosome/autolysosome formation and autophagy indicators, as evident by a higher LC3-II and a decreased p62 expression level in the liver. These observations indicated that Atg7 and autophagic activity in the liver of obese mice were restored successfully in vivo (Figures 5(a 
Discussion
This study has demonstrated that TUDCA can improve glycolipid metabolism disorder in the liver of obese mice via the restoration of defective hepatic autophagy, which causes impaired hepatic insulin sensitivity and glucose homeostasis in obesity. The present results indicate that autophagic dysfunction in the liver may be a relevant mechanism for the two main pathological arms of insulin resistance in obesity: activation of ER stress and impaired insulin signaling. We found that impaired autophagy could contribute to ER stress in obese mice and that the restoration of autophagy via treatment with TUDCA or an adenovirus carrying Atg7 resulted in improvements in ER stress, insulin signaling, and glycolipid metabolism in vivo. It is therefore plausible that autophagy can facilitate the elimination or repair of damaged organelles and assist their adaptive responses in restoring metabolic homeostasis. Actually, ER stress can induce autophagy to participate in the degradation of unfolded proteins and in the removal of superfluous ER membranes [18] . ER function could be impaired if this is not achieved, which creates a vicious cycle resulting in metabolic deterioration, insulin resistance, and type 2 diabetes. Future studies should address whether other mechanisms are also involved in the interaction between autophagy and ER stress. There is a strong relationship between defective autophagy and insulin resistance in obese mice, which has a major effect on glycolipid metabolism. This study has shown that suppressing autophagy not only results in insulin insensitivity, but also influences hepatic gluconeogenesis and -oxidation in obese mice. Consistent with our results, another study showed that suppressing Atg7 expression in the liver tissue of lean mice treated with adenovirus carrying Atg7 shRNA reduced the autophagy deficiency by 80%, in turn resulting in ER stress in the liver tissue of lean mice, as evident by the induction of eIF2 and PERK phosphorylation and of Chop, which are three well-known ER stress indicators. Meanwhile, the lean mice treated with adenovirus carrying Atg7 shRNA developed glucose intolerance and insulin insensitivity as measured by GTT and ITT, thereby also demonstrating the importance of autophagy in maintaining glucose homeostasis.
In line with our results, recent studies found that TUDCA administration significantly improved the in vivo responses to insulin in ob/ob mice and that the impaired glucose tolerance seen in vehicle-treated ob/ob mice was corrected upon treatment with TUDCA via inhibiting the activation of ER stress and restoring impaired insulin signaling [11, 12] . However, another study found that the effects of an ER protectant on glucose homoeostasis varied in different models of type 2 diabetes: while PBA (a kind of chemical chaperone) normalized hyperglycemia in ob/ob mice, it did not exert a glucose-lowering effect in Goto-Kakizaki rats and had no preventive or therapeutic effects on insulin resistance or hyperglycemia in mice treated with hydrocortisone [19, 20] . Our results also differ from previous findings in elegant experiments involving the foz/foz mice model, wherein ER stress was not a feature associated with insulin resistance and steatohepatitis in the foz/foz model and that altering or protecting ER functions had no effect on insulin resistance and liver disease propagation [21] [22] [23] . We therefore consider that at least some of the previous findings could be model-specific. The progressive liver disease of the HFD-fed foz/foz miceincluding hepatocellular injury with ballooning, apoptosis, and inflammation and later accompanied by pericellular fibrosis-indicates that this model differs from the dietinduced obese mice model and the ob/ob mice model, inferring that TUDCA may improve liver steatosis in the early stage of NAFLD.
In conclusion, we found that TUDCA reversed abnormal autophagy, reduced ER stress, and restored insulin sensitivity in the liver of obese mice. Additionally, glycolipid metabolism disorder was improved in the liver of obese mice via the restoration of defective hepatic autophagy. The results of this study suggest not only a new concept for the treatment of obesity involving autophagy, but also the novel potential of TUDCA as an effective therapeutic candidate for liver steatosis in the early stage of NAFLD. 
